Introduction

60
Aluminium (Al) is highly abundant in soils worldwide where it is found in different 61 chemical species. In acidic conditions (pH < 5.5), these compounds are found as Al +3 , which 62 constitutes one of the most toxic form of Al, which is limiting for crop production. observed that the glycolysis/gluconeogenesis processes were upregulated by Al. In addition, 111 all glycolysis/gluconeogenesis related genes were more expressed in Al-tolerant rice cultivar 112 than in the sensitive [13] . This fact suggests energy availability is crucial for Al-tolerance.
113
To date and to the best of our knowledge, data on genes and proteins involved in Al 
Material and Methods
124
Experimental design
125
A flowchart was elaborated indicating the main steps carried out in the growth and 126 proteomic analyses of roots of Q. grandiflora in response to Al (Fig 1) . Afterwards, the absorbance of each extract was measured at the wavelengths of 663.8 nm, 
Statistical Analysis
160
All growth analysis data was statistically analysed by two-way ANOVA and the 161 differences among the means were tested by the Student's t-test (p< 0.05). 
167
The leaf samples were: green leaves from Al-treated plants, green leaves and yellow leaves 168 from non-treated plants. Subsequently, the leaf samples were post-fixed in 1% osmium 169 tetroxide (OsO 4 ) in the dark for 30 min. Then, the samples were dehydrated in a graded acetone 170 series (30%, 50%, 70%, 90%, 100%). Afterwards, the samples were infiltrated in 
Root protein extraction
176
Approximately 100 mg of each root sample were ground in liquid nitrogen using a mortar 177 and pestle. Then, the powder was added to a solution of 10% (w/v) trichloroacetic acid and 178 0.07% (v/v) β-mercaptoethanol in cold acetone, and the resulting suspension was thoroughly 179 mixed by vortexing, and then incubated for 3 h at 4 °C.
180
After incubation, samples were centrifuged at 10,000 g for 20 min at 4 °C. Then, the 181 supernatant was removed, and the remaining pellet was washed five times with 10% (w/v) 182 trichloroacetic acid in acetone until the total disappearance of pigments. The pellet was dried 183 using a Speed-Vac concentrator and resuspended in rehydration buffer (7 M urea, 2 M thiourea, 184 250 mM TEAB, pH 8.5). Protein concentration was determined by using Qubit ® 2.0 assay 185 (Invitrogen, Carlsbad, USA) and extracted protein quality was assessed in 10% SDS-PAGE.
Protein digestion
188
The extracted proteins (200 μg) were reduced with 10 mM dithiothreitol (DTT) for 60 min 189 at 56 °C and alkylated with 100 mM iodoacetamide (IAA) for 60 min at 37 °C in the dark.
190
Then, the samples were diluted in 100 mM NH 4 HCO 3 (ammonium bicarbonate), pH 8. 1. 191 Subsequently, the alkylated proteins were digested with trypsin (1:50 v/v -Promega, Madison, 192 USA) at 37 °C for 16 h. After digestion, the resulting peptide solution was acidified with 0.1% 193 trifluoroacetic acid and centrifuged at 10,000 g for 10 min. Then, the supernatant was desalted 
Chromatography and nano LC-MS/MS analysis
199
The tryptic peptides were applied to an Ultimate 3000 liquid chromatographer (Sunnyvale, 
Database search and label-free quantification
217
The files obtained from the mass spectrometer were analysed using the software Progenesis 285 grandiflora plants grown with or without Al. It is noteworthy that the chloroplasts from each 286 treatment had a distinct structure (Fig 3) . Note that the chloroplast from leaves of Al-287 supplemented plants had a standard structure, with typical shape and regular internal membrane 288 system with grana and thylakoids (Fig 3 A) . Differently, the chloroplasts from non-treated 289 plants showed abnormal structure. Moreover, even the chloroplasts from green leaves already 290 had a peculiar internal membrane system (Fig 3 B) . Note that in these chloroplasts the lumen 291 of thylakoids appeared dilated, and no typical assembly of granum (Fig 3 B) . Furthermore, in 292 yellowish leaves, the thylakoid dilation was very pronounced, and the stroma appeared to be 293 exceedingly large compared with chloroplasts from green leaves (Fig 3 B) . 
Al Influence on Shoot and Root Growth
302
A growth analysis of Q. grandiflora shoots and roots was performed to investigate whether 303 the morphological differences observed between the treatments were associated with the lack 304 of Al supplementation. The results indicated that Al was critical for growth and development 305 of Q. grandiflora plants. Note that leaves from Al-supplemented plants were greener than those 306 from non-treated plants. Moreover, it is noteworthy that shoots and roots from Al-treated plants 307 were considerably higher and the roots were longer and more branched (Fig 2, Table 2 ).
308
Furthermore, after 120 days of cultivation the average length of shoot of Al-treated plants was 309 about 14% higher than shoots from non-treated plants. In roots this difference was even greater 310 and reached 24% in favour of plants grown with Al (Table 2) .
311
Besides, root biomass accumulation was determined by measuring root fresh and dry 312 weights (Table 3) . Consistent with root length data, Al-treated plants had significantly higher root biomass 325 compared with those not treated ( Table 3 ). The results showed that after 120 days of cultivation 326 root fresh and dry weights of roots grown with Al were respectively 24% and 40% higher than 327 those that did not receive Al. This fact indicates that the root system of Q. grandiflora was 328 stimulated by Al. Gel-free and label-free approach were used to determine the proteomic changes in Q. Table 1 ). Thus, in Q. Table 2) , and most of which upregulated, totalizing 274 proteins (67%).
344
Complementarily, the remaining 136 (33%) were downregulated in response to Al.
345
The differentially abundant proteins were catalogued according to their functional 
365
The most enriched BP categories in Q. grandiflora roots were metabolic processes whose Table 2) .
370
In addition, the main cellular components associated with Al response in Q. grandiflora 371 roots were located at plasma membrane, cell wall, plastid, mitochondrion, and ribosomal 372 subunits, as well as the extracellular compartment (Fig 5) . Therefore, the enrichment analysis revealed 24 metabolic routes that were statistically 427 significant (FDR<0.05) in Q. grandiflora roots in response to Al (Table 4) . Moreover, the most Proteomic analysis has been a valuable tool to study the effects of Al exposure in many Besides, proteins related to cellular components such as ribosomes, cell membranes, 493 mitochondria, and plastids had their abundance increased in Al-treated plants (Fig 5) .
494
Conversely, STRING (protein-protein interaction) analysis revealed that stress-related proteins
495
were downregulated in Al-treated Q. grandiflora roots (Fig 8) . were significantly enriched (Table 3) . Thus, the most abundant regulated proteins associated 597 to fatty acid degradation were: acyl-CoA oxidase (ACOX), alcohol dehydrogenase (ADH5), Al-treated Q. grandiflora roots had better growth rate and accumulated more biomass. It is noteworthy that the KEGG analysis indicated that about 30% of the differentially 636 abundant proteins were related to genetic information processing, which is the highest among 637 all categories catalogued (Fig 7) . That is not a coincidence. Concomitantly, elevated levels of indicating that ribosomal proteins, amino acid metabolism, and biosynthesis, pyrimidine, and 642 purine metabolism were responsive to Al in roots of Q. grandiflora (Table 3) . Furthermore, pyrimidine and purine are the backbones of these nucleic acids. As roots from
663
Al-treated Q. grandiflora plants grew and developed significantly better than those from non-664 treated plants, they need to synthesize these compounds more intensely. This fact may be the basis for pyrimidine and purine related proteins to be positively responsive to Al in Q.
666 grandiflora roots.
667
Concerning amino acids metabolism, the significantly higher abundance of S- were responsive to Al treatment. Among which there were plasma membrane and integral 698 membrane components as well as proteins associated with mitochondria and plastids (Fig 5) .
Furthermore, the most active molecular functions of proteins were related to catalytic and 700 binding activities (Fig 6) for the synthesis of a great number of compounds.
831
 Carbohydrates components of pectins. These pectin components are synthesized highly methylated, otherwise they would prevent cell 832 expansion due to crosslinking of de-esterified pectin polymers by Ca. Pectin de-esterification is a highly controlled process that 833 involves cell-wall based enzymes named pectinesterases, and it is directly associated with cell wall adhesion/loosening.
834
 SAMS is believed to be crucial for genetic information processing, as it may provide methyl groups through SAM synthesis for DNA 835 methylation, which is one epigenetic mechanism that often modify gene expression. Besides, SAM is also associated with RNA 836 capping, RNA splicing, RNA transportation, mRNA stability, and translation initiation. Without SAMS, the flow of genetic 837 information would be seriously impaired.
838
Ribosomes: 22 ribosomal-associated proteins were upregulated, which may positively affect translation of mRNAs, and, consequently protein 839 synthesis.
840
Malate Dehydrogenases (MDHs) -They could play a role in insoluble phosphorus (P) uptake, which is main form of P in Cerrado Soils. Phosphorus
841
is an essential component of ATP, proteins, and nucleic acids.
electron transport chain to produce ATP. Acyl-CoA oxidase (ACOX) -catalyses the first step of beta-oxidation of fatty acids, likely in peroxisomes, which may form acetyl-CoA, an important 855 compound of TCA cycle, and thereby, crucial for ATP production.
Conclusions
859
The present work indicates that Al is a required for the growth and development of 
